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(54) METHOD AND SYSTEM FOR CARRYING OUT SIMULATION AND MEASUREMENT RELATING 
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DEVICE

(57) A simulator obtains muscle activities and joint
contact forces by a computer simulation according to an
operating condition for moving a support base of a pas-
sive exercise machine. A condition limiting unit finds in-
termediate conditions corresponding to desirable muscle
activities and joint contact forces from muscle activities
and joint contact forces obtained with the simulator ac-
cording to different operating conditions. A motion sim-

ulator moves the support base according to the interme-
diate conditions. A myoelectric measurement device
measures myoelectric potential of a subject supported
by the support base. An evaluation device selects an
operating condition corresponding to a larger muscle ac-
tivity quantity from measurement results of muscle activ-
ity to define it as an operating condition of the passive
exercise machine.
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Description

TECHNICAL FIELD

[0001] The invention relates to method and system of
simulation and measurement which can decide an opti-
mum operating condition for a support base of a passive
exercise machine, for example, an optimum operating
condition for applying relatively heavy muscle load and
light joint load to a user through the support base.

BACKGROUND ART

[0002] There are various proposed passive exercise
machines configured to move a support base for sup-
porting a part of user’s body to change the user’s posture.
[0003] For example, Japanese Patent Application
Publication Number 2004-344684 published on Decem-
ber 9, 2004 discloses a balance exercise machine. This
machine is configured to simulate horse riding exercise
by oscillating a support base on which a user can ride to
sit.
[0004] Japanese Patent Application Publication
Number 2006-122595 published on May 18, 2006 dis-
closes a swing exercise machine. This machine has a
support base that can support the buttocks or the waist
of a user in a posture for supporting a part of the user’s
own weight by feet (a sitting posture). The machine is
configured to change a ratio of the user’s own weight
acting on the user’s legs by oscillating the support base.
There is also a machine having a support base on which
a user can rest the user’s feet in the standing position.
This machine is configured to provide a user with walking
motion or exercise for spreading movable ranges of joints
of legs by moving the support base to change positions
or orientations of the user’s feet.
[0005] In a passive exercise machine, if the operating
condition of the support base is changed, load amplitude
acting on each muscle or load amplitude acting on each
joint is changed. That is, the operating condition of the
support base is changed and thereby muscle type on
which a load mainly acts or activity degree of the muscle
is changed and a joint contact force (joint force) of each
joint is also changed. Preferably, the operating condition
of the support base is decided so that a joint contact force
is reduced and a muscle activity is enhanced.
[0006] A passive exercise machine is actually used by
subjects at the present time in order to obtain a relation-
ship an operating condition of the support base as well
as a muscle activity and a joint contact force. In this case,
the operating condition of the support base is changed
and thereby change (process) of a muscle activity or a
joint contact force is measured. A muscle activity can be
obtained by measuring myoelectric potential of a subject.
However, a joint contact force cannot be measured di-
rectly and accordingly the technology for estimating a
joint contact force has been adopted (see e.g., Japanese
Patent Application Publication Number 2006-034640

published on February 9, 2006). This is, a force acting
on a measurable region is measured and a computer
simulation is performed by using a model simulating a
human body. In this technology, a shear force acting on
a joint is obtained as a joint contact force.
[0007] If a muscle activity or a joint contact force is
found by actually activating a passive exercise machine,
the number of actual measurable operating conditions a
day is about 20 at the most. Therefore, in order to obtain
an optimum operating condition for enhancing the activity
of a target muscle(s) and reducing the joint contact force,
huge amounts of time are required. In addition, there is
a problem that a heavy burden is imposed on a subject.
[0008] Also, a large joint contact force may generate
by an operating condition of the support base. Therefore,
in order to perform actual measurement in consideration
of subject’s safety, it is necessary to perform measure-
ment while removing operating conditions by which a
large joint contact force is expected to be generated. As
result, a selection range of operating conditions may be
narrowed beyond necessity and a below optimum oper-
ating condition may be selected.
[0009] Moreover, all motions of a person’s actual mus-
cle by using a passive exercise machine cannot be ob-
tained by a computer simulation. On the other hand, an
amount of muscle discharge (electrical activity of muscle)
may be small in an extensor reflex. Accordingly, deciding
a muscle used amount only by an amount of muscle dis-
charge which can be observed from an electromyogram
may make a wrong decision.

DISCLOSURE OF THE INVENTION

[0010] It is an object of the present invention: to eval-
uate a muscle activity and a joint contact force with re-
spect to many operating conditions for a comparatively
short time by using a computer simulation; to make it
possible to decide an optimum operating condition, by
also evaluating a subject’s myoelectric potential, through
a combination of the computer simulation and measure-
ment of an amount of muscle discharge instead of de-
ciding an operating condition of a real machine only by
the computer simulation; and to optimize an operating
condition provided for a real machine.
[0011] The present invention is a method of simulation
and measurement related to an optimum operating con-
dition for a support base of a passive exercise machine.
The passive exercise machine comprises the support
base configured to support all or part of body weight of
a user, and a drive unit configured to move the support
base. The passive exercise machine is configured to pro-
vide passive exercise for the user by moving the support
base through the drive unit in accordance with an oper-
ating condition. The invention comprises computer im-
plemented steps of: (a) obtaining different muscle activ-
ities and different joint contact forces in a target region
of the user by a computer simulation sequentially accord-
ing to each of operating conditions, the different muscle
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activities being activities of different muscles, the differ-
ent joint contact forces being joint contact forces on dif-
ferent joints; (b) obtaining intermediate conditions from
the operating conditions, the intermediate conditions be-
ing obtained by, if every muscle activity and every joint
contact force obtained sequentially according to each of
the operating conditions are in predetermined muscle ac-
tivity and joint contact force ranges, respectively, includ-
ing the operating condition among the intermediate con-
ditions; (c) measuring myoelectric potential of a subject
on the support base while controlling a motion simulator
configured to move the support base in degrees-of-free-
dom sequentially according to each of the intermediate
conditions; and (d) deciding and outputting an optimum
operating condition from the intermediate conditions
based on each myoelectric potential measured sequen-
tially according to each of the intermediate conditions.
[0012] In this invention, muscle activities and joint con-
tact forces are estimated with regard to different operat-
ing conditions by a computer simulation without using an
actual passive exercise machine. Accordingly, muscle
activities and joint contact forces can be evaluated with
regard to many operating conditions for a comparatively
short time. However, muscle activities and joint contact
forces obtained by the computer simulation have a mar-
gin of error each. Especially, in case many operating con-
ditions are evaluated for a short time, it is necessary to
use a simple model having few parameters as a model
for the simulation. Therefore, if an operating condition is
decided only by a computer simulation with regard to
muscle activities and joint contact forces, there is a pos-
sibility that an optimum operating condition cannot be
selected.
[0013] Therefore, the invention obtains intermediate
conditions by selecting, from computer simulation re-
sults, operating conditions that different muscle activities
and different joint contact forces in a target region of the
user are in objective ranges. An optimum operating con-
dition is obtained from the intermediate conditions. That
is, the support base’s motion that meets an intermediate
condition obtained by a computer simulation is realized
by controlling, by each intermediate condition, the motion
simulator for moving the support base in degrees-of-free-
dom. Myoelectric potential of a subject on the support
base is measured, and the operating condition of the sup-
port base is decided from myoelectric potential measure-
ment results per intermediate condition.
[0014] Thus, since the subject’s myoelectric potential
is actually measured by using intermediate conditions
narrowed down by a computer simulation, various oper-
ating conditions can be generally evaluate for a short
time. When evaluated operating conditions are narrowed
down to intermediate conditions, it is possible to refine
so that muscle-strengthening effect is emphasized or
subject’s safety is emphasized. Evaluation is performed
based on an actual measurement of myoelectric potential
with respect to the refined intermediate conditions, and
accordingly time for the actual measurement of myoe-

lectric potential is reduced, and almost optimum condition
can be decided for a comparatively short time.
[0015] In an embodiment, the step (a) comprising: es-
timating position change over time of a human body joint
of the user from position change over time of at least one
inverted pendulum when the inverted pendulum is forci-
bly oscillated sequentially according to each of the oper-
ating conditions, the inverted pendulum being a human
body model; and obtaining the different muscle activities
and the different joint contact forces by applying the es-
timated position change to a musculo-skeletal model. In
this embodiment, position change over time of a joint is
estimated by relating the motion of the passive exercise
machine to an inverted pendulum model that is a machine
vibration model. A muscle activity and a joint contact force
are estimated by using the musculo-skeletal model and
applying position change of a joint to the musculo-skel-
etal model. Accordingly, a muscle activity and a joint con-
tact force can be obtained by a comparatively small op-
eration amount. That is, a computer simulation can be
performed for a comparatively short time with regard to
many operating conditions.
[0016] In an embodiment, the step (d) comprises: ob-
taining a maximum average value or a maximum peak
value of muscle discharge from each myoelectric poten-
tial measured sequentially according to each of the in-
termediate conditions; and defining the intermediate con-
dition corresponding to the maximum average value or
the maximum peak value as the optimum operating con-
dition. In this embodiment, an operating condition having
a maximum average value or a maximum peak value for
different amounts of muscle discharge is decided as an
operating condition of the passive exercise machine. Ac-
cordingly, it is possible to automatically decide an opti-
mum operating condition from the intermediate condi-
tions based on subject’s myoelectric potential.
[0017] In an embodiment, the joint contact force range
is equal to or less than a specified value. The muscle
activity range is a range from a first muscle activity to a
second muscle activity. The first muscle activity is the
largest muscle activity of each muscle activity obtained
according to the operating conditions which are in the
joint contact force range. The second muscle activity is
a muscle activity lower than the first muscle activity by a
defined number, of each muscle activity obtained accord-
ing to the operating conditions which are in the joint con-
tact force range. In this embodiment, intermediate con-
ditions can be automatically selected.
[0018] The present invention is a system of simulation
and measurement related to an optimum operating con-
dition for a support base of a passive exercise machine.
The passive exercise machine comprising the support
base configured to support all or part of body weight of
a user and a drive unit configured to move the support
base. The passive exercise machine is configured to pro-
vide passive exercise for the user by moving the support
base through the drive unit in accordance with an oper-
ating condition. The invention comprises a simulator, a
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motion simulator, a myoelectric measurement device,
and an evaluation device. The simulator is configured (i)
to obtain different muscle activities and different joint con-
tact forces in a target region of the user by a computer
simulation sequentially according to each of operating
conditions, and (ii) to obtain intermediate conditions from
the operating conditions. The different muscle activities
are activities of different muscles. The different joint con-
tact forces are joint contact forces on different joints. The
intermediate conditions are obtained by, if every muscle
activity and every joint contact force obtained sequen-
tially according to each of the operating conditions are in
predetermined muscle activity and joint contact force
ranges, respectively, including the operating condition
among the intermediate conditions. The motion simulator
is configured to move the support base in degrees-of-
freedom sequentially according to each of the interme-
diate conditions. The myoelectric measurement device
is configured to measure myoelectric potential of a sub-
ject on the support base. The evaluation device is con-
figured to decide and output an optimum operating con-
dition from the intermediate conditions based on each
myoelectric potential measured sequentially according
to each of the intermediate conditions. The invention has
the same advantage as the corresponding method.
[0019] In an embodiment, the simulator comprises a
balance simulator and a musculoskeletal simulator. The
balance simulator is configured to estimate position
change over time of a human body joint of the user from
position change over time of at least one inverted pen-
dulum when the inverted pendulum is forcibly oscillated
sequentially according to each of the operating condi-
tions, the inverted pendulum being a human body model.
The musculoskeletal simulator is configured to obtain the
different muscle activities and the different joint contact
forces by applying the estimated position change to a
musculoskeletal model. The invention has the same ad-
vantage as the corresponding method.
[0020] In an embodiment, the evaluation device is con-
figured: to obtain a maximum average value or a maxi-
mum peak value of muscle discharge from each myoe-
lectric potential measured sequentially according to each
of the intermediate conditions; and to define the interme-
diate condition corresponding to the maximum average
value or the maximum peak value as the optimum oper-
ating condition. The invention has the same advantage
as the corresponding method.
[0021] In an embodiment, the joint contact force range
is equal to or less than a specified value. The muscle
activity range is a range from a first muscle activity to a
second muscle activity. The first muscle activity is the
largest muscle activity of each muscle activity obtained
according to the operating conditions which are in the
joint contact force range. The second muscle activity is
a muscle activity lower than the first muscle activity by a
defined number, of each muscle activity obtained accord-
ing to the operating conditions which are in the joint con-
tact force range. The invention has the same advantage

as the corresponding method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Preferred embodiments of the invention will
now be described in further details. Other features and
advantages of the present invention will become better
understood with regard to the following detailed descrip-
tion and accompanying drawings where:

FIG. 1 is a block diagram showing an embodiment;
FIG. 2 is a perspective view showing a passive ex-
ercise machine in an embodiment;
FIG. 3 illustrates another example of a passive ex-
ercise machine;
FIG. 4 illustrates another example of a passive ex-
ercise machine;
FIG. 5 is a side view of an example of a motion sim-
ulator used in the embodiments;
FIG. 6 is a block diagram of the simulator used in
the embodiments;
FIG. 7 illustrates model examples by an inverted
pendulum in the embodiments;
FIG. 8 is an explanatory diagram of a restoring force
of an inverted pendulum in the embodiments;
FIG. 9 illustrates a relationship between one link
model and joint positions in the embodiments;
FIG. 10 illustrates a relationship between two link
model and joint positions in the embodiments;
FIG. 11 illustrates a dynamic model of a muscle used
in the embodiments;
FIG. 12 shows results obtained with respect to var-
ious operating conditions in the embodiments; and
FIG. 13 shows %MVC with respect to each of can-
didate conditions in the embodiments.

BEST MODE FOR CARRYING OUT THE INVENTION

[0023] The present embodiment as a passive exercise
machine includes a support base configured to support
all or part of user’s body weight, and moves the support
base through a drive unit. For example, as shown in FIG.
2, there is a passive exercise machine 1 used by a user
in the standing position. This machine 1 includes a pair
of footrest bases 41 (first and second support bases)
which user’s right and left feet are put on, respectively,
and is configured to change the positions of the footrest
bases 41 through a drive unit (not shown) built in a base
frame 40. The footrest bases 41 are driven by the drive
unit which can drive in at least one-degree-of-freedom
of a front-back direction, a right-left direction, a vertical
direction, a direction around an axis in a front-back di-
rection, a direction around an axis in a right-left direction
and a direction around a vertical axis.
[0024] For example, if each footrest base 41 is moved
by using a parallel link mechanism having six extensible
rods of which each two rods are arranged in parallel,
each footrest base 41 can be changed its own position
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in six-degree-of-freedom. Each footrest base 41 can be
also moved in arbitrary degree-of-freedom by using a
mechanism which has a motor as a drive source and is
configured to perform conversion between a rectilinear
movement and a turning movement trough a combination
of a crank(s), a gear(s) and so on. Especially, when one
drive source is used, right and left footrest bases 41 can
be easily interlocked by a particular relationship.
[0025] In passive exercise machines 1, as shown in
FIG. 3, there is a machine which includes a support base
(a seat 42) which supports the buttocks of a user H and
the user H rides on. The machine provides the user H
with an exercise simulating horse riding by moving the
seat 42. As shown in FIG. 4, there is a machine which
includes a support base (a seat 43) for supporting the
buttocks or the waist of a user H and support bases (foot-
rest bases 44) on which the right and left feet of the user
H are put on, respectively. This machine is configured to
change loads acting on the legs of the user H by inclining
the seat 43 while supporting the user’s (H) load by three-
point mounting supporting to change a rate of the load
supported by the seat 43. In the configuration of FIG. 4,
the footrest bases 44 can move in a vertical direction in
response to loads acting on the footrest bases 44, and
an angle of each knee joint is kept constant.
[0026] An example applied to the passive exercise ma-
chine 1 shown in FIG. 2 is hereinafter explained, but the
present invention can be also applied to a passive exer-
cise machine 1 shown in FIG. 3 or 4.
[0027] As shown in FIG. 1, the embodiment includes
a simulator 2, a motion simulator 3 and a myoelectric
measurement device 4. The simulator 2 is configured to
find, by a computer simulation, user’s physical response
when the operating condition of the support bases in the
passive exercise machine 1 is changed. The motion sim-
ulator 3 is configured to simulate each motion of the sup-
port bases of the passive exercise machine 2 based on
various operating conditions. The myoelectric measure-
ment device 4 is configured to measure myoelectric po-
tential of each target muscle with regard to a subject (He)
supported by the support bases of the motion simulator 3.
[0028] An operating condition of a support base means
a condition which is set by parameters such as vector,
amplitude (moving range), frequency (moving velocity),
etc about a moving support base. In the inner potion of
the simulator 2, the operating condition is represented
as time change of a representative position of a support
base. However, if an operator of the simulator 2 sets the
parameters (the detail will be discussed later), time
change of a representative position of each support bas-
es is automatically produced in the inner potion of the
simulator 2.
[0029] Even if an operating condition is in a range that
cannot be set to a real passive exercise machine 1 or is
unacceptable for a user, such an operating condition can
be set through the simulator 2. If different operating con-
ditions including unrealisable operating conditions are
tried through the simulator 2, it is possible to obtain a

rough tendency for a relationship between an operating
condition and user’s physical response. Therefore, in the
simulator 2, if different operating conditions are tried and
applied to the support bases which a person actually gets
on, it is possible to narrow down to operating conditions
which an intense exercise effect can be obtained by and
can be used safely.
[0030] In the configuration shown in FIG. 1, a condition
limiting unit 6 is provided. In the unit 6, different operating
conditions tried in the simulator 2 are narrowed down to
intermediate conditions to be tried in the motion simulator
3. The simulator 2 and the condition limiting unit 6 are
realized by running a program in a computer, and include
a monitoring device such as a CRT or a liquid crystal
display, and input devices such as a keyboard and a
mouse.
[0031] Some results are obtained by trying deferent
operating conditions through the simulator 2. In the con-
dition limiting unit 6, the results are displayed on the
screen of the monitoring device, and an operator can
designate intermediate conditions by using the input de-
vices. A rule may be also provided in order to decide
intermediate conditions as described later (i.e., a rule for
selecting operating conditions which intense exercise ef-
fect is obtained by and can provide safe use). Predeter-
mined numbers of (e.g., about 10) intermediate condi-
tions having higher goodness-of-fit with respect to the
rule may be adopted from operating conditions complying
with the rule. If such a method is adopted, intermediate
conditions can be limited automatically.
[0032] Some operating conditions adopted as the in-
termediate conditions though the condition limiting unit
6 are applied to the motion simulator 3. The motion sim-
ulator 3 is configured to simulate motion of each support
base (footrest base 41) in the passive exercise machine
2 shown in FIG. 2. Accordingly, for example, as shown
in FIG. 5 a pair of parallel link mechanisms 50 are used.
The mechanisms 50 are configured to move the support
bases 51 supporting the right and left feet of a subject
(He) in multiple-degree-of-freedom (six-degree-of-free-
dom in the example shown in the figure), respectively.
[0033] A parallel link mechanism 50 is configured to
support a support base 51 with six links 53 with respect
to a mount base 52 and also to move the support base
51 by individually elongating and contracting links 53
through motors 54 which are placed in the vicinity of the
links 53, respectively and each configured to rotate in
both directions. Both ends of each of the links 53 are
joined to the support base 51 and the mount base 52
through universal joints 55, respectively. In this configu-
ration, the links 53 are elongated and contracted and
thereby the support base 51 can be moved in front-back
direction, a right-left direction, a vertical direction, a di-
rection around an axis in a front-back direction, a direction
around an axis in a right-left direction and a direction
around a vertical axis.
[0034] A controller (not shown) is configured to control
a rotating amount and rotating timing of each motor 54
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of the motion simulator 3. Therefore, in order to move
the support base 51 by each of the intermediate condi-
tions adopted through the condition limiting unit 6, the
controller is provided with a transformation arithmetic unit
configured to transform each intermediate condition into
a rotating amount and rotating timing of each motor 54.
If receiving one intermediate condition, the transforma-
tion arithmetic unit carries out an operation for transform-
ing the intermediate condition into time-series of opera-
tional amounts applied to each motor 54. That is, the
transformation arithmetic unit is formed of a computer
and outputs operational amounts of the motors 54 in re-
sponse to an input of an intermediate condition. There-
fore, the transformation arithmetic unit can be formed of
the same computer as that of the simulator 2 and the
condition limiting unit 6.
[0035] The motion simulator 3 is provided in order to
measure a muscle activity of a subject (He) while moving
the support bases 51 by an intermediate condition after
the subject (He) stands on the support bases 51. There-
fore, when the motion simulator 3 is driven, the myoelec-
tric measurement device 4 detects muscle activities with
regard to different muscles in target regions of the subject
(He). For example, if the passive exercise machine 1
shown in FIG. 2 is used, it is considered that user’s mus-
cle activities of foot regions, lower thigh regions, femoral
regions, buttocks, lower back, abdominal region and so
on are enhanced. Accordingly, these muscles are set to
target regions with respect to the subject (He) standing
on the motion simulator 3, and each myoelectric potential
is measured through the myoelectric measurement de-
vice 4.
[0036] If a plurality of (e.g., 2000) operating conditions
obtained by performing a simulation through the simula-
tor 2 are narrowed down to ten intermediate conditions,
myoelectric potential measurement is performed with re-
spect to the subject (He) in accordance with each of the
ten intermediate conditions. In this instance, the myoe-
lectric potential measurement is performed with respect
to not just one subject (He) but each of subjects (He) who
differ in age or gender. Preferably, such myoelectric po-
tential measurement is performed more than one time
per subject. Since the number of the intermediate con-
ditions is about ten, actual measurement of myoelectric
potential can be performed for a comparatively short
time.
[0037] If myoelectric potential measurement is per-
formed in accordance with each of the intermediate con-
ditions, it is possible to acquire human body’s muscle
activities by moving the support bases 51 in accordance
with each of the intermediate conditions. Accordingly, the
evaluation device 5 decides an optimum intermediate
condition with regard to muscle activities from the inter-
mediate conditions, and defines the intermediate condi-
tion as an operating condition of the passive exercise
machine 1. The operating condition defined by the eval-
uation device 5 is one condition to which the operating
conditions set through the simulator 2 are finally nar-

rowed down. Whether or not it is in a range that the pas-
sive exercise machine 1 can be used safely is verified
through the simulator 2 and the motion simulator 3, and
the exercise effect is verified through the motion simula-
tor 3. Accordingly, it can be considered to be optimal as
an operating condition which the passive exercise ma-
chine 1 is provided with.
[0038] The aforementioned components are ex-
plained in detail herein. As shown in FIG. 6, three kinds
of simulators 10, 20 and 30 for performing a computer
simulation each are combined and constitute the simu-
lator 2. The second simulator 20 and the third simulator
30 are hereinafter referred to as a "balance simulator"
and a "musculoskeletal simulator", respectively.
[0039] The first simulator 10 includes a device simu-
lating unit 11 configured to simulate motion of each sup-
port base (foot base 41) in the passive exercise machine
1. The simulator 10 is configured to receive an operating
condition provided for the passive exercise machine 1
from an operating condition setting unit 12 to simulate
motion of each support base in accordance with the op-
erating condition.
[0040] Periodicity is not indispensable to motion of
each support base. It is also not required that a movement
locus of each support base forms a geometric shape.
However, in the embodiment, for the purpose of easy
installation of an operating condition, motion of each sup-
port base has periodicity and each movement locus
forms a shape represented by a reciprocating motion re-
sultant in one or more directions. That is, each movement
locus is represented by a reciprocating motion resultant
arbitrarily selected from rectilinear reciprocating motion
and turning reciprocating motion. The rectilinear recipro-
cating motion is selected from a front-back direction, a
right-left direction and a vertical direction. The turning
reciprocating motion is selected from a roll (a direction
around an axis in a front-back direction), a pitch (a direc-
tion around an axis in a right-left direction) and a yaw (a
direction around a vertical axis). (As a matter of course,
in case of one-degree-of-freedom, it is presented by one
reciprocating motion.)
[0041] Therefore, it is possible to set a direction of re-
ciprocating motion deciding a movement locus of each
support base, amplitude and cycle (frequency) per direc-
tion of reciprocating motion, a phase relation between
each reciprocating motion when a set of reciprocating
motion are add, and a reference position of reciprocating
motion (the middle position of the reciprocating motion
or the like), as an operating condition through the oper-
ating condition setting unit 12.
[0042] It is an object of the embodiment to estimate
user’s muscle activities and joint contact forces (joint forc-
es) in response to motion of each support base of the
passive exercise machine 1. Accordingly, the muscu-
loskeletal simulator 30 uses a musculo-skeletal model
having body segments (bones), joints and tissue (mus-
cles). The joint contact force means a force acting on a
joint (joint axis) in a normal direction to a contact surface
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between the joint (joint axis) and a body segment (link).
[0043] It is difficult to directly apply motion of each sup-
port base of the passive exercise machine to a musculo-
skeletal model. Therefore, in the balance simulator 20 of
the embodiment, a machine vibration system’s model
simplified so that human motion is not essentially lost is
described and used in place of a human body. The rela-
tionship between the described model and the passive
exercise machine’s motion simulated through the device
simulating unit 11 is represented by a motion equation.
The machine vibration system’s model as substitution of
a human body is described through the oscillatory model
producing unit 21. The balance simulator 20 is also pro-
vided with a dynamics calculation unit 22 in order to carry
out dynamics calculation for finding solution to the afore-
mentioned motion equation. The dynamics calculation
unit 22 finds each position change of human joints (po-
sition and velocity) when the passive exercise machine
is activated.
[0044] Bending and stretching of a joint is generated
by muscular contraction in relation to the joint. Accord-
ingly, a load acting on the muscle in relation to the joint
(muscle activity) can be obtained by applying a position
change over time of a joint found through the balance
simulator 20 to a musculo-skeletal model used by the
musculoskeletal simulator 30. A load acting on a body
segment is also obtained, and thereby a load acting on
the joint (a joint contact force) is obtained. That is, muscle
activities of muscles in relation to bending and stretching
joints (loads acting on muscles) and loads acting on the
joints (joint contact forces) are obtained by inverse dy-
namics calculation from each position change of the
joints (orbits).
[0045] Therefore, the musculoskeletal simulator 30 is
provided with a musculo-skeletal model producing unit
31 and an inverse dynamics calculation unit 32. The unit
31 is configured to perform definition of a musculo-skel-
etal model as substitution of a human body. The unit 32
is configured to calculate muscle loads and joint loads
from each position change of joints found through the
balance simulator 20.
[0046] The operation of the simulator 2 is explained in
detail. The device simulating unit 11 focuses attention on
positions of the support bases for supporting user’s load
and each operating condition of the support bases, but
does not consider the mechanism in particular. In other
words, the device simulating unit 11 simulates which re-
gion(s) of a human body is supported by the support bas-
es, and how and where of a contact region(s) is moved.
A region(s), supported by the support bases, of a human
body is a contact region(s) which is in contact with the
support bases, and the contact region(s) is a restraint
condition that restrains the human body’s movement. De-
gree-of freedom on each motion of the support bases is
included in a direction of a reciprocating motion in an
operating condition.
[0047] The passive exercise machine 1 in the embod-
iment supports both feet of a user and moves each foot

in six-degree-of-freedom (six directions). Accordingly,
the device simulating unit 11 requires an operating con-
dition of six-degree-of-freedom defining each movement
of the footrest bases 41. However, the describing amount
of the operating condition can be reduced by using a
constrained condition that the right and left footrest bases
41 symmetrically moves in the same phase or in reverse
phase, as compared with individually defining operating
conditions with respect to footrest bases 41.
[0048] In the inner portion of the simulator 2, an oper-
ating condition is represented by time change of a rep-
resentative position of each support base 41, as dis-
cussed previously. However, an operating condition en-
tered through the operating condition setting unit 12 by
an operator is represented by parameters such as motion
trajectory, frequency, amplitude, phase, etc.
[0049] Herein, it is assumed that the footrest bases 41
are moved along the upper surface of the base frame 40
put on the floor face or the like. In the actual passive
exercise machine 1, each footrest base 41 can provide
turning reciprocating motion around a pivot along the up-
per surface of the base frame 41 and turn foot rested on
the footrest base 41 around the ankle joint (at least one
of plantarflexion and dorsiflexion). However, for the pur-
pose of a simple simulation, the balance simulator 20 in
the embodiment does not include a simulation of the op-
eration.
[0050] A motion trajectory is a movement locus of a
representative position of a support base 41 on a plane
along the upper surface of the base frame 40, and can
be selected from movement loci such as a straight line,
an arc shape, an eight shape, etc. A frequency is the
number of reciprocating motion of a support base 41 per
second and defines a motion velocity of a support base
41. Amplitude defines a movement distance when a sup-
port base 41 reciprocates. A phase can be selected from
an operation when the right and left support bases 41
move to the same side and an operation when the right
and left support bases 41 move to the opposite sides.
The former is an operation that, when one of the support
bases 41 is at the front end position of its moving range,
the other is placed at the front end position in its moving
range, and is referred to as "same phase". The latter is
an operation that, when one of the support bases 41 is
at the front end position of its moving range, the other is
placed at the rear end position in its moving range, and
is referred to as "reverse phase".
[0051] In addition to the above ones, there are, as pa-
rameters, an angle of a moving direction of a support
base 41 with respect to a front-back direction of the base
frame 40 (an inclined angle), an average distance be-
tween representative points (e.g., center points) of the
right and left support bases 41 (feet width) and the like.
In the embodiment, plantarflexion and dorsiflexion are
excluded in the balance simulator 20, but when plantar-
flexion and dorsiflexion are performed by turning a sup-
port base 41 up and down, the parameters can include
a position, an orientation, a turning angle range (turning
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amplitude) about a pivot of a footrest base 41 as well as
an angle of the center position of the turning angle range
with respect to the upper surface of the base frame 40
(an offset angle).
[0052] In the embodiment, a left-handed orthogonal
coordinate system is used for a coordinate system for
representing a moving direction, and turning about each
coordinate axis is right-hand turning (clockwise) towards
a positive direction of each coordinate axis. A rectilinear
motion towards a direction of each coordinate axis is pro-
vided with an arbitrary position as a reference position
of which phase is 0°. A turning motion around each co-
ordinate axis is provided with a direction of one coordi-
nate axis included in a plane perpendicular to the coor-
dinate axis itself, as a reference position of which phase
is 0°. For example, when an XYZ orthogonal coordinate
system is used, a reference position of turning motion
around the X-axis is a direction of Y-axis or Z-axis includ-
ed in a YX plane perpendicular to the X-axis, which is a
reference position of which phase is 0°.
[0053] In the passive exercise machine 1 of the em-
bodiment, each footrest base 41 is provided with a coor-
dinate system. A foot size is disregarded and an ankle
joint is regarded as a joint axis around a Y-axis. The po-
sition of a footrest base’s (41) upper surface which is
horizontal is set as a reference position around an X-axis
and a Y-axis. An orientation from a heel to a toe is defined
as the positive direction of an X-axis.
[0054] When receiving the aforementioned parame-
ters, the device simulating unit 11 calculates position
change over (accompanying) time of a footrest base 41.
That is, a time series of positions with regard to a footrest
base 41 is output at regular time intervals.
[0055] Conditions about individual body type are re-
quired in order to describe a model (human body model)
as substitution of a human body in the balance simulator
20 and the musculoskeletal simulator 30. Describing the
model is important to evaluate a muscle load and a joint
load, and the conditions about individual body type re-
quire not only body height and body weight but also age
and gender for deciding muscle distribution. Conditions
of body fat amount, muscle mass and so on are also
useful for enhancing description accuracy of the model.
For example, "body height: 170cm, body weight: 60kg,
age: 70, gender: male" are provided for the balance sim-
ulator 20 and the musculoskeletal simulator 30 as the
conditions about individual body type. The conditions of
body type are entered through the physical information
input unit 13. In the embodiment, (body height, body
weight, age, gender) are entered through the physical
information input unit 13.
[0056] Body type information entered through the
physical information input unit 13 is checked with the hu-
man body data storage 15 which relates a combination
of four - (body height, body weight, age, gender) to (body
segment length, body segment mass, body segment’s
inertia moment) to register them. A data set of the human
body data storage 15 is obtained and used from statistical

values of a human body. However, in order to reduce a
calculation amount, body segment length (upper body
length, thigh length, etc.) and body segment mass are
related to (body height, body weight) without considera-
tion of age, gender and body segment’s inertia moment.
[0057] Statistical values based on anatomy can be
used for body segment length and mass with respect to
(body height, body weight). However, body segment
length and mass with respect to standard values of (body
height, body weight) may be provided. In this instance,
when (body height, body weight) are entered through the
physical information input unit 13, body segment length
and mass are calculated by proportional calculation with
respect to the standard values (or another suitable rela-
tional expression). In case of the calculation, age and
gender are considered. Inertia and restoration elements
need to be considered as elements of a human body
model as referred to hereinafter. Accordingly, it is desir-
able that strength of a restoring force is also stored in the
human body data storage 15. Standard values may be
provided for the restoring force and corrected by using
data on a muscle force per age and gender.
[0058] In the embodiment, a machine vibration sys-
tem’s model is described as substitution of a human body
in the balance simulator 20, as discussed previously.
That is, a foot rested on a footrest base 41 is a contact
region and there is a restraint condition that the foot po-
sition is restrained by the support base. When the footrest
base 41 is periodically moved, a user tries to stand erect
while keeping maintain user’s balance.
[0059] Therefore, as shown in FIG. 7A, an inverted
pendulum formed of one link (L) can be used as the most
simplified machine vibration system’s model. The invert-
ed pendulum has mass (M) equivalent to user’s body
weight and is hereinafter referred to as "one link model".
In order to analyze action of the inverted pendulum, the
pendulum is provided with three elements - an inertia
element (an element exerting a force proportional to ac-
celeration: including gravity), an attenuation element (an
element exerting a force proportional to velocity) and a
restoration element (an element exerting a force propor-
tional to displacement).
[0060] In the passive exercise machine 1, moving a
footrest base 41 periodically is represented by motion for
periodically changing the lower end position of the link
(L). In the one link model, the link (L) can be turned only
about the joint axis (J) placed at the lower end position.
That is, the inertia, attenuation and restoration elements
of the link (L) act on around the joint axis (J). Therefore,
the motion of the inverted pendulum can be described
by a motion equation including the inertia, attenuation
and restoration elements. On the other hand, sine wave
oscillation of each direction is used as a force acted on
the inverted pendulum by the passive exercise machine
1 as discussed previously. Accordingly, the dynamics
calculation unit 22 can calculate time change of the po-
sition of the inverted pendulum by resolving a motion
equation of forced oscillation.
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[0061] The model shown in FIG. 8 is used to find the
torque T(t) acting on around the joint axis (J) at time t.
When the body segment (link L) is turned by the angle θ
(t) with respect to the reference angle θ0 around the joint
axis (J), the torque T(t) can be represented by
T(t)=Kp · (θ(t) · θ0) + Kd · dθ(t)/dt.
[0062] The angle θ(t) is a joint angle and equivalent to
an inclined angle with respect to an erect position of the
link (L) in the one link model. Around the joint axis (J)
between a pair of links, the angle becomes an angle be-
tween the links. An absolute value of angle between the
links may be used for the joint angle (J) or an angle meas-
ured by defining a joint angle at rest (resting standing
position in case of standing position) as a reference angle
may be used.
[0063] In this regard, Kp is a proportional gain and Kd
is a differential gain. The proportional gain (Kp) and the
differential gain (Kd) are obtained from a muscle force of
a human body as a model. The torque T(t) may be only
a value proportionate to the joint angle θ(t), or an integral
value of the joint angle θ(t) may be added, or a time delay
may be added in consideration of a response time of a
human body. Like general PID control, a term of the for-
mula 1 may be also added. In the formula 1, Ki is an
integral gain.
[0064]

[0065] In the above-mentioned inverted pendulum
model, each position of joints is unknown. Accordingly,
it is impossible to apply joint positions to a musculo-skel-
etal model used by the musculoskeletal simulator 30.
Therefore, as shown in FIG. 9, in the default position of
the actual passive exercise machine 1, a position relation
between a human body’s reference point (e.g., gravity)
and each joint is actually measured. The position relation
is then applied to the position of a reference point (e.g.,
gravity) of the link (L). Thereby, each position of the joints
(j0-j6) is estimated from the position of the reference point
of the inverted pendulum. In the example shown in the
figure, j0 represents a waist joint, j1 and j2 represent hip
joints, j3 and j4 represents knee joints, and j5 and j6 rep-
resent ankle joints. When the position relation between
the human body’s reference point and each joint is actu-
ally measured, a device such as motion capture or the
like is used.
[0066] Since one link model is simple, the calculation
amount is small. However, each position of the joints (j0-
j6) is estimated from a position of one reference point,
and accordingly the estimated positions of the joints (j0-
j6) cannot be regarded as being high accuracy. There-
fore, as shown in FIG. 7B, a human body may be repre-
sented by a model formed of two links (L1 and L2) having

mass (M1) and mass (M2) of an upper body and a lower
body, respectively as well as two joint axes (J1 and J2)
(hereinafter referred to as "two link model").
[0067] In this model, as shown in FIG. 10, one refer-
ence point (e.g., waist joint or the like) is related to one
joint axis (J1), and a reference point (e.g., gravity) is set
to each of the links (L1 and L2). In this regard, in the
embodiment, each motion of the joints (j0-j6) in the lower
body is considered. Accordingly, the link (L1) corre-
sponding to the upper body of the links (L1 and L2) is
used as only a factor influencing the movement of the
link (L2) corresponding to the lower body. The position
relation between each of the joints (j0-j6) and the refer-
ence point of the link (L) is unnecessary.
[0068] It is considered that a model including the same
number of body segments and joint axes (joints j0-j6) as
a musculo-skeletal model as shown in FIG. 7C (herein-
after referred to as "multi-link model") is used in order to
precisely detect each joint position in an inverted pendu-
lum model. In the multi-link model, it is possible to obtain
each individual position of the joints (j0-j6). Accordingly,
each position of the joints (j0-j6) obtained through the
balance simulator 20 can be applied to the musculoskel-
etal simulator 30 without change. However, since the bal-
ance simulator 20 calculates each individual position of
the joints (j0-j6), the calculation amount is increased sub-
stantially.
[0069] In FIG. 7C, M21 and M22 are models of first
and second support bases, respectively. For example,
the multi-link model (a human body model) includes first
to sixth links (L1-L6). The first link (L1) has a first joint
axis (J1) that is equivalent to the joint (j3) and is placed
at the lower end of the first link (L1). The second link (L2)
has a second joint axis (J2) that is equivalent to the joint
(j5) and is placed at the lower end of the second link (L2).
The upper end of the second link (L2) is joined to the
lower end of the first link (L1) through the first joint axis
(J1), while the lower end of the second link (L2) is joined
to the model (M21) of the first support base through the
second joint axis (J2). The third link (L3) has a third joint
axis (J3) that is equivalent to the joint (j4) and is placed
at the lower end of the third link (L3). The fourth link (L4)
has a fourth joint axis (J4) that is equivalent to the joint
(j6) and is placed at the lower end of the fourth link (L4).
The upper end of the fourth link (L4) is joined to the lower
end of the third link (L3) through the third joint axis (J3),
while the lower end of the fourth link (L4) is joined to the
model (M22) of the second support base through the
fourth joint axis (J4). The fifth link (L5) has fifth and sixth
joint axes (J5 and J6) that are equivalent to joints (j1 and
j2), respectively and are placed at both ends of the fifth
link (L5). Both ends of the fifth link (L5) are also joined
to the upper ends of the first and third links (L1 and L3)
through the fifth and sixth joint axes (J5 and J6), respec-
tively. The sixth link (L6) has a seventh joint axis (J7) that
is equivalent to the joint (j0) and is placed at the lower
end of the sixth link (L6). The lower end of the sixth link
(L6) is also joined to the center of the fifth link (L5) through
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the seventh joint axis (J7). A restoring force responding
to an angle between the first and second links (L1 and
L2) acts on around the first joint axis (J1). A restoring
force responding to an angle between the third and fourth
links (L3 and L4) acts on around the third joint axis (J3).
A restoring force responding to an angle with respect to
an erect position of the second link (L2) acts on around
the second joint axis (J2). A restoring force responding
to an angle with respect to an erect position of the fourth
link (L4) acts on around the fourth joint axis (J4).
[0070] In the balance simulator 20, the calculation
amount and accuracy are in trade-off. Accordingly, it is
desirable to select a model as the need arises. In an
example of use, for schematic evaluation, a range of op-
erating conditions is narrowed down by using the one
link model of FIG. 7A or the two link model of FIG. 7B.
The evaluation can be subsequently performed by using
the multi-link model of FIG. 7C within the narrowed range.
[0071] Data extracted from the human body data stor-
age 15 are each body segment’s length and mass. Ac-
cordingly, when one link model or two link model is used,
link length, link mass and restoring force need to be mod-
ified and the data extracted from the human body data
storage 15 cannot be used without change. Therefore,
in the inverted pendulum model modifying unit 23, the
data extracted from the human body data storage 15 are
modified in response to a used model, and thereby link
length, link mass and a restoring force are obtained. In
each example of FIGS. 9 and 10, a model that a head
region is separated is shown but in the embodiment, cal-
culation is performed without separating the head region.
[0072] Each position of the joints (j0-j6) is obtained at
regular time intervals. That is, the dynamics calculation
unit 22 calculates position change over time of each of
the joints (j0-j6). In other words, a time series of positions
each of the joints (j0-j6) is output.
[0073] The musculoskeletal simulator 30 applies, to a
musculo-skeletal model, time change of positions each
of the joints (j0-j6) obtained through the dynamics calcu-
lation unit 22 of the balance simulator 20, and calculates
each muscle load and each joint load by inverse dynam-
ics calculation. The musculo-skeletal model is set by us-
ing (body height, body weight, age, gender) entered
through the physical information input unit 13 like a hu-
man body model of an inverted pendulum. That is, the
data verification unit 14 checks the data entered through
the physical information input unit 13 with the human
body data storage 15 and thereby uses obtained body
segment length, body segment mass, body segment’s
inertia moment and so on. The data extracted from the
human body data storage 15 are modified through the
musculo-skeletal model modifying unit 33 as the need
arises. The musculo-skeletal model producing unit 31
produces a musculo-skeletal model by using the modified
data as the need arises.
[0074] In the musculo-skeletal model, a line that doe
not elongate and contract muscle as well as a bone are
presented as a link of a rigid body, and a joint is repre-

sented as a joint axis. The inverse dynamics calculation
unit 32 in the musculoskeletal simulator 30 applies each
position change of the joints (j0-j6) obtained by using an
inverted pendulum in the balance simulator 20 as position
change of a joint axis of the musculo-skeletal model. In
the musculo-skeletal model, each link is provided with a
muscle according to a dynamic model of a muscle, and
a load acting on a muscle or a joint is calculated by inverse
dynamics calculation.
[0075] A Hill model is used as a dynamic model of a
muscle. That is, as shown in FIG. 11, a contractile com-
ponent (in which a tension generator and an attenuation
element are joined in parallel) and an elastic element 62
are joined in series, and an elastic element 63 are further
joined in parallel, which simulate a muscle function. In
addition, in the example shown in the figure, an elastic
element 64 is joined in series with the muscle, thereby
simulating a tendon function.
[0076] A muscle model applied to a musculo-skeletal
model is not limited to the configuration shown in FIG.
11. That is, it may be a simple configuration simulating
only by an elastic element in order to reduce the calcu-
lation amount, or a configuration that a contractile speed
is considered in order to enhance the accuracy.
[0077] The inverse dynamics calculation unit 32 cal-
culates a muscle load or a joint load by performing an
inverse dynamics calculation based on time change of
each region position of a musculo-skeletal model. Ac-
cordingly, the unit 32 requires position change of a foot-
rest base 41 produced through the device simulating unit
11 and each position change of the joints (j0-j6) obtained
through the dynamics calculation unit 22 besides a mus-
culo-skeletal model produced through the museum-skel-
etal model producing unit 31. A time series of these po-
sitions is applied to the musculo-skeletal model, and
thereby a time series of muscle activities or joint contact
forces can be calculated.
[0078] There are a plurality of muscles participating in
a series of movements, and accordingly solutions are
obtained in general by calculating a muscle or joint load
from each position change of joints. Therefore, it is nec-
essary to narrow down the solutions by some sort of pre-
script (rule). In the embodiment, the solutions are nar-
rowed down based on a rule that a living thing selects a
solution having better efficiency of low energetic con-
sumption. That is, a solution having a minimal sum of
muscle usage (e.g., a ratio, expressed in percentage, of
an actual available muscle force to an available maxi-
mum muscle force) is selected from the solutions. Not
only muscle usage but also a value obtained by multiply-
ing muscle volume and muscle usage or a rate of slow
muscle and fast muscle usage may be used for an indi-
cator for selecting a solution.
[0079] In case a passive exercise machine 1 simulated
with the device simulating unit 11 is used, it is possible
to calculate each muscle load and each joint load by dif-
ferent operating conditions or body types, by repeating
a process of the balance simulator 20 and the muscu-
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loskeletal simulator 30 after changing an operating con-
dition set through the operating condition setting unit 12
or a body type condition entered through the physical
information input unit 13.
[0080] Evaluation of calculation results differs in re-
sponse to an intended purpose of a passive exercise
machine 1, but it is considered that calculation results
are often evaluated so that a condition for stimulating a
muscle activity of a target muscle and reducing a joint
contact force of each joint is fulfilled. A target muscle
differs in response to a purpose of operation and exercise
of a passive exercise machine 1. For example, in order
to protect aged person from a fall, the person’s muscle
groups may be strengthened, or muscle groups around
knees or lower back may be strengthened for prevention
of pain in knee or backache.
[0081] A muscle activity is evaluated by using an av-
erage (value) of a set of muscle activities in a target mus-
cle (an average during a period of a footrest base 41),
an average of a set of muscle activities in all muscles
configured with a musculo-skeletal model, or the like. A
target muscle is set by specifying each muscle (e.g., a
medial great muscle and a lateral great muscle), speci-
fying as a muscle group of a specific region of a body (a
femoral region, a leg region, etc.) or specifying as a mus-
cle group by function (spreading muscle group of knee
joint, plantarflexion muscle group of ankle joint, etc.). In
the passive exercise machine 1 of FIG. 2, target muscles
are, for example, femur stretching (musculus rectus fem-
oris, lateral great muscle, medial great muscle), femur
bending (long head of biceps femoris muscle), lower
thigh dorsiflexion (anterior tibial muscle), lower thigh
bending (gastrocnemial muscle, musculus soleus).
[0082] A joint contact force is evaluated by using a
force acting on a specific joint (knee joint, ankle joint,
articulatio coxae, etc.), an angle of the specific joint or
the like. For example, a force in a shear direction acting
on a knee joint is evaluated by a constrained condition
equal to or less than 400N, and an angle of a knee joint
is evaluated by a constrained condition equal to or less
than 100° (a position when the knee joint is stretched is
defined as 0°). It is desirable that these constrained con-
ditions are previously provided as limit values and a de-
cision whether outside the scope of the limit values or
not is automatically made in response to an operating
condition or a body type.
[0083] It is possible to obtain a safely usable operating
condition for providing a large muscle activity and a small
joint contact force with respect to a target muscle(s), by
evaluating a load acting on each of muscles and joints
calculated through the musculoskeletal simulator 30 as
discussed previously.
[0084] FIG. 12 shows simulation results about approx-
imately 2000 kinds of operating conditions by, for exam-
ple, obtaining a joint contact force of each knee joint, i.e.,
a knee shear force as well as an average muscle activity
rate about all target muscles per operating condition,
where a horizontal axis represents a muscle activity rate

and a vertical axis represents a knee shear force. In case
of a simulation, it is desirable to be exclude apparently
invalid operating conditions in an actual passive exercise
machine 1 and operating conditions of which each mus-
cle activity is known to be considerable low with respect
to an objective level. However, preferably operating con-
ditions are included even if expected to be out of a range.
[0085] From the obtained results as shown in FIG. 12,
the upper limit of a range that a user does not feel pain
in the user’s knee(s) can be set with regard to a shear
force (joint contact force). Accordingly, in the condition
limiting unit 6, the upper limit is defined with regard to the
shear force, and an intermediate condition(s) is extracted
in a range (joint contact force range) that a knee shear
force is smaller than the upper limit. That is, a target range
of joint contact forces is set to equal to or less than a
predetermined specified value, and a selection range of
intermediate conditions is narrowed down to a safely us-
able range.
[0086] In the embodiment, a rule set for extracting an
intermediate condition includes:

(1) a rule that a knee shear force is smaller than the
upper limit; and
(2) a rule that a larger muscle activity rate is in order
(muscle activity range). That is, an intermediate con-
dition is an operating condition that meets the rule
(1) and the rule (2).

[0087] However, in a simulation, user’s motion based
on the prediction when an actual machine is used, and
individual difference between users cannot be consid-
ered. Accordingly, the effect when the actual machine is
used needs to be checked through an effect by a subject.
Therefore, a plurality of intermediate conditions are nar-
rowed down from simulation result. In the embodiment,
ten intermediate conditions are extracted based on sim-
ulation result by the simulator 2.
[0088] In the example of FIG. 12, the upper limit of
knee shear force is set to 400 [N] in order to apply the
aforementioned rule (1). Top ten of muscle activity rates
are extracted, so as to meet the rule (2), within a range
that a knee shear force is smaller than 400 [N] (a range
surrounded with a dashed ellipse). Operating conditions
corresponding to the extracted results are dealt as inter-
mediate conditions. The computer includes the simulator
2 and the condition limiting unit 6. Accordingly, all oper-
ating conditions to be simulated through the simulator 2
are stored in a storage device (not shown). The ten cor-
responding operating conditions selected from the sim-
ulation result are read from the storage device and then
dealt as intermediate conditions. The intermediate con-
ditions are stored in a different region from the operating
conditions in the storage device.
[0089] A muscle activity and a joint contact force differ
in not only operating condition but also body type. There-
fore, it is possible to obtain a body type range that ade-
quate exercise can be performed with respect to a par-
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ticular operating condition, or to obtain an operating con-
dition that adequate exercise can be performed with re-
spect to a particular body type. It is desirable that these
results are stored in the storage device and thereby can
be referred all of the time.
[0090] The intermediate conditions adopted through
the condition limiting unit 6 based on simulation results
by the simulator 2 are applied to the aforementioned mo-
tion simulator 3. Myoelectric potential is then measured
through the myoelectric measurement device 4 with re-
spect to a subject getting on the support bases 51 of the
motion simulator 3. The influence of individual difference
can be easily removed by more subjects. In addition, it
is desirable that body types, ages and genders are dis-
persed.
[0091] After the myoelectric measurement device 4
obtains myoelectric potential with regard to each muscle,
the evaluation device 5 extracts an operating condition
that is a maximum average value or a maximum peak
value for amount sets of muscle discharge (electrical ac-
tivity), from measured myoelectric potential. The average
value for amount sets of muscle discharge means a time
integration value of amount of muscle discharge obtained
from every muscle. An average value or a peak value for
amount sets of muscle discharge are found per subject
and per muscle. Accordingly, for easy comparison of in-
termediate conditions, the evaluation device 5 averages,
over subjects, a set of average values or peak values of
amount of muscle discharge, and further calculates a
summation per muscle. The obtained value represents
muscle activity degree per intermediate condition. Ac-
cordingly, in the evaluation device 5, an intermediate con-
dition that a muscle activity becomes maximum is select-
ed as an operating conditions installed on an actual ma-
chine.
[0092] In the above example, an absolute value of
amount of muscle discharge per muscle is used. How-
ever, in order to evaluate more exactly, it is desirable that
an amount of muscle discharge is normalized. That is,
preferably it is normalized by obtaining a ratio (%MVC)
of a muscle contraction force (an average value or a peak
value) to maximum voluntary contraction (MVC) per mus-
cle. An intermediate condition is then evaluated by using
a value obtained by averaging, over subjects, a sum (or
an average), relating to all muscles, of a set of %MVC
obtained with regard to each muscle.
[0093] FIG. 13 shows an example - values each of
which is obtained by averaging, over subjects, a set of
averages each of which is an average of a set of %MVC
(an average %MVC) obtained relating to all target mus-
cles with regard to ten kinds of intermediate conditions.
In this example, since a muscle contraction force of each
muscle is normalized by maximum voluntary contraction,
it is possible to compare a muscle activity with the same
reference irrespective of type of muscle. FIG. 13 shows
amplitudes of muscle activities with regard to intermedi-
ate conditions (T1-T10) (an average %MVC over mus-
cles in all regions). The average %MVC obtained by the

intermediate condition (T4) is maximum among those of
the ten intermediate conditions. Accordingly, the inter-
mediate condition (T4) is selected as an operating con-
dition installed to an actual machine. Thus, by using an
indicator for a muscle activity such as %MVC, and the
evaluation device 5 selects the condition providing the
maximum %MVC among the intermediate conditions as
an operating condition installed to an actual machine.
Accordingly, it is possible to automatically select an op-
erating condition installed to an actual passive exercise
machine 1 from intermediate conditions through the eval-
uation device 5.
[0094] In the aforementioned example, myoelectric
potential is measured through the myoelectric measure-
ment device 4 in order to quantify a muscle activity. How-
ever, any other value may be used if being a quantitatively
measurable index of a muscle activity, such as measure-
ment of oxygen consumption by a near-infrared spectro-
scopic method or the like.
[0095] In the aforementioned example, the passive ex-
ercise machine 1 is used with a user being in a standing
position as shown in FIG. 2, and a restraint condition of
foot placement is used in the balance simulator 20. How-
ever, in the passive exercise machine 1 of FIG. 3, hip
joint positions are restrained by the seat 42. That is, the
hip joint positions are determined by an operating con-
dition of a seat 42 (a support base). Therefore, it is pos-
sible to use, as an inverted pendulum, one link model
including a link (L) equivalent to an upper body as shown
in FIG. 3B, besides a multiple link model. In the example
shown in the figure, the lower end is a joint axis (J).
[0096] In the passive exercise machine 1 shown in
FIG. 4, positions of hip joints are restrained by the seat
43, and positions of ankle joints are restrained by footrest
bases 44. In other words, the positions of the hip joints
and the ankle joints are determined by an operating con-
dition of the seat 43 (a support base). In this passive
exercise machine 1, it is possible to use one link model
including a link (L) equivalent to an upper body in FIG.
4B besides a multiple link model in the same way as the
passive exercise machine 1 shown in FIG. 3. In the ex-
ample shown in the figure, the lower end is a joint axis (J).
[0097] In any case of the passive exercise machine 1
shown in FIG. 3 or the passive exercise machine 1 shown
in FIG. 4, when one link model is used, a target joint can
be estimated by a position relation with respect to a ref-
erence point like the case that one link model shown in
FIG. 7A is used.
[0098] In seating state on a seat (42 or 43) of a passive
exercise machine 1 shown in FIG. 3 or 4, if contact re-
gions between a human body and a seat (42 or 43) need
to be divided into points, a result obtained by finding po-
sition change per contact region from an operating con-
dition may be reflected in motion of a model. In addition,
although an upper body is simulated by one link mode,
an inverted pendulum having links in which suitable joint
axes are placed at backbone and neck positions may be
used as a model.
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[0099] Although the present invention has been de-
scribed with reference to certain preferred embodiments,
numerous modifications and variations can be made by
those skilled in the art without departing from the true
spirit and scope of this invention.

Claims

1. A method of simulation and measurement related to
an optimum operating condition for a support base
of a passive exercise machine,
the passive exercise machine comprising the sup-
port base configured to support all or part of body
weight of a user, and a drive unit configured to move
the support base, the passive exercise machine be-
ing configured to provide passive exercise for the
user by moving the support base through the drive
unit in accordance with an operating condition,
wherein the method comprises computer imple-
mented steps of:

(a) obtaining different muscle activities and dif-
ferent joint contact forces in a target region of
the user by a computer simulation sequentially
according to each of operating conditions, the
different muscle activities being activities of dif-
ferent muscles, the different joint contact forces
being joint contact forces on different joints;
(b) obtaining intermediate conditions from the
operating conditions, the intermediate condi-
tions being obtained by, if every muscle activity
and every joint contact force obtained sequen-
tially according to each of the operating condi-
tions are in predetermined muscle activity and
joint contact force ranges, respectively, includ-
ing the operating condition among the interme-
diate conditions;
(c) measuring myoelectric potential of a subject
on the support base while controlling a motion
simulator configured to move the support base
in degrees-of-freedom sequentially according to
each of the intermediate conditions; and
(d) deciding and outputting an optimum operat-
ing condition from the intermediate conditions
based on each myoelectric potential measured
sequentially according to each of the intermedi-
ate conditions.

2. The method of claim 1, wherein the step (a) com-
prising:

estimating position change over time of a human
body joint of the user from position change over
time of at least one inverted pendulum when the
inverted pendulum is forcibly oscillated sequen-
tially according to each of the operating condi-
tions, the inverted pendulum being a human

body model; and
obtaining the different muscle activities and the
different joint contact forces by applying the es-
timated position change to a musculo-skeletal
model.

3. The method of claim 1, wherein the step (d) com-
prises:

obtaining a maximum average value or a max-
imum peak value of muscle discharge from each
myoelectric potential measured sequentially ac-
cording to each of the intermediate conditions;
and
defining the intermediate condition correspond-
ing to the maximum average value or the max-
imum peak value as the optimum operating con-
dition.

4. The method of claim 1,
wherein the joint contact force range is equal to or
less than a specified value, and
wherein the muscle activity range is a range from a
first muscle activity to a second muscle activity, the
first muscle activity being the largest muscle activity
of each muscle activity obtained according to the op-
erating conditions which are in the joint contact force
range, the second muscle activity being a muscle
activity lower than the first muscle activity by a de-
fined number, of each muscle activity obtained ac-
cording to the operating conditions which are in the
joint contact force range.

5. A system of simulation and measurement related to
an optimum operating condition for a support base
of a passive exercise machine,
the passive exercise machine comprising the sup-
port base configured to support all or part of body
weight of a user and a drive unit configured to move
the support base, the passive exercise machine be-
ing configured to provide passive exercise for the
user by moving the support base through the drive
unit in accordance with an operating condition,
wherein the system comprises:

a simulator configured (i) to obtain different mus-
cle activities and different joint contact forces in
a target region of the user by a computer simu-
lation sequentially according to each of operat-
ing conditions, and (ii) to obtain intermediate
conditions from the operating conditions, the dif-
ferent muscle activities being activities of differ-
ent muscles, the different joint contact forces be-
ing joint contact forces on different joints, the
intermediate conditions being obtained by, if
every muscle activity and every joint contact
force obtained sequentially according to each of
the operating conditions are in predetermined
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muscle activity and joint contact force ranges,
respectively, including the operating condition
among the intermediate conditions;
a motion simulator configured to move the sup-
port base in degrees-of-freedom sequentially
according to each of the intermediate condi-
tions;
a myoelectric measurement device configured
to measure myoelectric potential of a subject on
the support base; and
an evaluation device configured to decide and
output an optimum operating condition from the
intermediate conditions based on each myoe-
lectric potential measured sequentially accord-
ing to each of the intermediate conditions.

6. The system of claim 5, wherein the simulator com-
prising:

a balance simulator configured to estimate po-
sition change over time of a human body joint
of the user from position change over time of at
least one inverted pendulum when the inverted
pendulum is forcibly oscillated sequentially ac-
cording to each of the operating conditions, the
inverted pendulum being a human body model;
and
a musculoskeletal simulator configured to obtain
the different muscle activities and the different
joint contact forces by applying the estimated
position change to a musculoskeletal model.

7. The system of claim 5, wherein the evaluation device
is configured: to obtain a maximum average value
or a maximum peak value of muscle discharge from
each myoelectric potential measured sequentially
according to each of the intermediate conditions; and
to define the intermediate condition corresponding
to the maximum average value or the maximum peak
value as the optimum operating condition.

8. The system of claim 5,
wherein the joint contact force range is equal to or
less than a specified value, and
wherein the muscle activity range is a range from a
first muscle activity to a second muscle activity, the
first muscle activity being the largest muscle activity
of each muscle activity obtained according to the op-
erating conditions which are in the joint contact force
range, the second muscle activity being a muscle
activity lower than the first muscle activity by a de-
fined number, of each muscle activity obtained ac-
cording to the operating conditions which are in the
joint contact force range.
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